Inspired by recent reports concerning the utilisation of hand drawn pencil macroelectrodes (PDEs), we report the fabrication, characterisation ( physicochemical and electrochemical) and implementation (electrochemical sensing) of various PDEs drawn upon a flexible polyester substrate. Electrochemical characterisation reveals that there are no quantifiable electrochemical responses upon utilising these PDEs with an electroactive analyte that requires an electrochemical oxidation step first, therefore the PDEs have been examined towards the electroactive redox probes hexaammineruthenium(III) chloride, potassium ferricyanide and ammonium iron(II) sulfate. For the first time, characterisation of the number of drawn pencil layers and the grade of pencil are examined; these parameters are commonly overlooked when utilising PDEs. It is demonstrated that a PDE drawn ten times with a 6B pencil presented the most advantageous electrochemical platform, in terms of electrochemical reversibility and peak height/analytical signal. In consideration of the aforementioned limitation, analytes requiring an electrochemical reduction as the first process were solely analysed. We demonstrate the beneficial electroanalytical capabilities of these PDEs towards p-benzoquinone and the simultaneous detection of heavy metals, namely lead(II) and cadmium(II), all of which are explored for the first time utilising PDEs. Initially, the detection limits of this system were higher than desired for electroanalytical platforms, however upon implementation of the PDEs in a back-to-back configuration (in which two PDEs are placed back-to-back sharing a single connection to the potentiostat), the detection limits for lead(II) and cadmium(II) correspond to 10 µg L −1 and 98 µg L −1 respectively within model aqueous (0.1 M HCl) solutions. Fig. 8 Simultaneous determination of Pb(II) and Cd(II) recorded in 0.1 M HCl (dotted line) utilising a back-to-back 6B PDE drawn ten times. Shown in (A) are the corresponding linear sweep voltammograms with corresponding calibration plots (B) and (C) respectively. Error bars indicate the standard deviation of N = 3. Deposition potential and time: −1.2 V (vs. SCE) and 120 seconds respectively.
Introduction
There is currently an enormous global interest towards the design, synthesis and fabrication of improved analytical sensing platforms. Electrochemical derived sensors attract attention due to their ability to convert chemical information into an electrical signal and through careful design can give rise to sensitive, selective, experimentally simple and low cost sensors. 1 Over recent decades the expansion of carbon based electrochemistry has received significant focus due to these materials satisfying the aforementioned demands, with a particularly large wealth of knowledge being obtained within the fields of highly ordered pyrolytic graphite, 2,3 mono-and fewlayer graphene, [4] [5] [6] and carbon nanotubes. 7, 8 The utilisation of 'popular' carbon based materials offers exciting advances within electrochemistry, such as the cost effective production of electrodes that exhibit a similar or enhanced performance to that of the traditional noble metal based alternatives. 9 With electrochemists constantly searching for new electrode configurations, focus has now turned to the readily available hand-drawn pencil graphitic electrodes (PDEs), 10 where one can potentially draw their own electrode, providing a rapid and extremely cost-effective approach for the production of electrochemical sensing platforms.
Commercial pencils (and consequently PDEs) contain a high percentage of graphite, making these an excellent 'cheap' electrode material, where the pencil itself is used as an electrode. 10, 11 Previous literature has been orientated around pencils being used as static standalone electrodes, with many electrochemical applications reported, such as towards the detection of ascorbic acid, 12 dopamine, 13 flavonoids, 14 and morphine. 15 However, utilising such standalone pencils as working electrodes is not without its drawbacks, such as their large/bulky nature and the lack of tailorability within the † Electronic supplementary information (ESI) available. See DOI: 10 design and control of the working area. One innovative solution is to utilise PDEs, which satisfy the mass requirement for the miniaturisation of electrochemical systems, in addition to allowing vast adaptability and regulation of the working area; the potential ability to draw one's electrode onto a variety of surfaces is extremely attractive. As such, the nature of PDEs potentially allows for extremely simple, effective, low cost and portable sensors to be developed.
Recently, the interest in utilising PDEs has grown and this is evident through the emergence of literature reports which are overviewed in Table 1 , with many research groups focusing on either characterising the electrochemical properties of the PDEs, or utilising them towards specific sensing applications, 10, 12, 15 with insufficient/inadequate characterisation being provided in each case. Table 1 provides a thorough literature overview, where for example, Dossi et al. 16 have studied the performance of PDEs upon paper substrates towards the detection of ascorbic acid. Additional work involved utilising cobalt(II) phthalocyanine doped-PDEs, in which a bespoke pencil has been fabricated (rather than taking commercially available pencils) where cobalt(II) phthalocyanine has been mixed within the bulk pencil "lead", sodium bentonite and potassium silicate mixture, and placed within a similar pencil setup and explored for the electrocatalytic detection of cysteine and hydrogen peroxide. 16 Other work from this group has explored the detection of analytes such as potassium ferrocyanide, 17 1,2-hydroxybenzene, 18 dopamine and paracetamol. 19 Honeychurch has elegantly demonstrated the electrochemical detection of lead(II) within real canal water samples using PDEs hand-drawn upon polyvinylchloride substrates. 10 Although such studies highlight the use of PDEs as a potentially plausible option towards future reproducible, cost effective and simple sensors, many of the examples highlighted in Table 1 fail to adequately characterise the underlying electrochemical (and physicochemical) properties present and overlook the use of control experiments. Another key point to note is that in cases where it is claimed that PDEs are being utilised, in actual fact in the case mentioned previously, a homemade graphite paste electrode type set-up (for example see: ref. 16 and 20) is being implemented, with incor- Table 1 ) and the considerations noted above, in this paper we report the fabrication, characterisation ( physicochemical and electrochemical) and implementation (electrochemical sensing) of various PDEs upon a flexible polyester substrate. We explore the electron transfer properties of our hand-drawn electrodes towards hexaammineruthenium(III) chloride and potassium ferricyanide. We perform control experiments to achieve the optimum performance in terms of the number of 'draws' when fabricating a specific PDE and varying the pencil graphite content/composition used to draw the PDEs, namely, 6B, 5B, 4B, 3B, 2B, B, HB, H, and 2H; such control experiments are rarely performed in the literature. Finally, we critically assess and report the electroanalytical performance of our PDEs towards the detection of p-benzoquinone and the simultaneous detection of lead(II) and cadmium(II), which are explored for the first time utilising PDEs.
Experimental
All chemicals used were of analytical grade and were used as received without any further purification from Sigma-Aldrich. The solutions were prepared with deionised water of resistivity not less than 18 MΩ cm and were thoroughly degassed with nitrogen before analysis. All measurements were performed with a Palmsens EMSTAT (Palm Instruments BV, The Netherlands) potentiostat.
The pencil drawn electrodes (PDEs) were fabricated by hand-drawing a 4 mm diameter circle onto a flexible polyester substrate (Autotex AM 150 µm (F157L)) using a bespoke stainless steel stencil (see Fig. 1 ) and a range of pencil grades (6B, 5B, 4B, 3B, 2B, B, HB, H, 2H) from a commercially available box of STAEDTLER tradition®110 pencils.
Upon referring to 'one draw' within this paper, this stipulates that we have moved the pencil whilst in contact with the substrate such that the complete area within the 4 mm diameter circle/disc (to be defined as the working area) is drawn as shown in Fig. 1 . After defining the surface area, a connecting strip from the top of the circle allows for a crocodile clip connection to be employed to the potentiostat. 21 Sellotape® was applied to each individual electrode to cover the conductive carbon connections. In all experiments utilising the PDEs, a platinum wire electrode and saturated calomel electrode (SCE) were used as the counter and reference respectively for comparative purposes.
Scanning electron microscope (SEM) images were obtained with a JEOL JSM-5600LV (JEOL, Tokyo, Japan) model. For the high-resolution transmission electron microscope (TEM) images a JEOL JEM 2100F was used. Raman analysis was carried out using the Thermo Scientific™ DXR Raman (Themo Scientific™, Waltham, MA, USA) spectrometer equipped with an argon laser (532 nm excitation). X-ray Photoelectron Spectroscopy (XPS) chemical analysis was performed with a VG-Microtech Multilab electron spectrometer, using the Mg K −1 (1253.6 eV) radiation of a twin anode in constant analyser energy mode with a pass energy of 50 eV. Fig. 1 Optical image of the bespoke metallic stencil used throughout this work (A) to fabricate the PDEs. Shown in (B) is the PDE after one draw, and the completed PDE with a connecting strip is shown in (C). Sellotape® was applied to each individual electrode to cover the conductive carbon connections and define the 4 mm working area.
The Nicholson method is routinely used to estimate the observed heterogeneous electron transfer rate constant, k 0 , for quasi-reversible systems using the following equation: 22
where ϕ is the kinetic parameter, D is the diffusion coefficient of the electroactive species, n is the number of electrons involved in the electrochemical process, F is the Faraday constant, ν the voltammetric scan rate, R the universal gas constant, and T the temperature of the solution. The kinetic parameter, ϕ is tabulated as a function of peak-to-peak separation (ΔE P ) at a set temperature (298 K) for a one-step, one electron process. The function of ϕ(ΔE P ), which fits Nicholson's data, for practical usage (rather than producing a working curve) is given by: 23 
where, the constants are the same as described in eqn (1) however, α is the transfer coefficient and is assumed to correspond to 0.5. The k 0 values were calculated assuming diffusion coefficients of 9.10 × 10 −6 and 7.60 × 10 −6 for hexaammineruthenium(III) chloride and potassium ferricyanide respectively. 25, 26 
Results and discussion
As exhibited in Table 1 , the majority of current literature concerning PDEs either does not identify or optimise the layers/draws of the pencil required for the construction of the PDE, nor do they explore the range of pencils that can be used to fabricate the PDEs. In many of the cases reported within Table 1 , the PDEs are fabricated from carbon paste electrodes, which consist of the bulk pencil "lead" as the source of graphite. They are then used to draw the PDE. In this paper we utilise commercially available pencils themselves, where 'one draw' stipulates that we have moved the pencil whilst in contact with the substrate such that the complete area within the 4 mm diameter circle/disk (to be defined as the working area) is "pencilled in" as shown in Fig. 1 .
Electrochemical characterisation of the pencil drawn electrode (PDEs)
The PDEs were electrochemically characterised using 1 mM hexaammineruthenium(III) chloride/0.1 M KCl solution via cyclic voltammetry. First, comparisons were made between the pencil grades 6B, 5B, 4B, 3B, 2B, B, HB, H, and 2H to analyse which grade gives rise to the best electrochemical properties; this is generally overlooked in the academic literature and little reasoning is given why certain pencils are chosen. Additionally, in this work, the amount of pencil "drawn" onto the substrate was analysed with the electrode being "pencilled in" one, three, five and ten times to see what effect this would have upon the electrochemical properties of the resultant electrode. Fig. 2A shows cyclic voltammograms recorded using the redox probe hexaammineruthenium(III) chloride with PDEs which have been drawn just once. Generally, the observed responses are typical of that expected for graphitic-based electrochemical sensors where useful voltammetric signatures are observed, with the 6B found to exhibit the largest peak current; however, the 5B shows the best electrochemical reversibility. To further explore this, Fig. 2B -D shows the PDEs drawn three, five and ten times respectively, where it is clear that as the number of layers are increased, the magnitude of the electrochemical response/peak current also increases. Note the 6B PDE drawn ten times gives rise to a clear decrease in the peak-to-peak separation and an increase of the voltammetric peak current over that of the other PDEs (see Fig. 2 ), indicating a more beneficial electrode surface with relatively improved/faster electrochemical reversibility and a larger effective area, making this PDE the most suited for further electrochemical analysis. The effect of pencil type and number of draws is presented in Fig. 3 , where plots of peak height vs. pencil type are summarised. It is clear that the 6B (in all cases) exhibits the optimal electrochemical response as evaluated using this redox probe, in particular for the PDE drawn ten times. Thus, herein the PDEs for all further studies are drawn ten times with a 6B pencil in order to ensure maximum electrochemical performance.
The electrochemical profiles of the PDEs using the outersphere redox couple hexaammineruthenium(III) chloride were explored over a range of voltammetric scan rates (as presented within ESI Fig. 1A †) where a plot of peak height vs. square root of scan rate was constructed and found to be linear, indicating that the electrochemical process at PDEs is diffusionally controlled. Electrochemical characterisation was next explored using the inner-sphere potassium ferricyanide redox probe (ESI Fig. 1B †) . 27 It is clear, that an unexpected response is observed for this redox couple, suggesting that there is potentially contamination present within the clay (which is a component of the pencil used to draw/construct the PDE) giving rise to an oxidation peak at ∼+0.20 V. As previously reported, the polyester substrate does not affect the overall electrochemical response. 28, 29 Further analysis of this redox probe was carried out over a range of scan rates; with a plot of peak height vs. square root of scan rate found to being linear, indicating a diffusional controlled electrochemical process.
Next ( presented in ESI Fig. 2 †) , an attempt to electrochemically oxidise potassium ferrocyanide (in 0.1 M KCl) is unsuccessful, and a featureless voltammetric signature is observed, even after carrying out extensive electrochemical pretreatment/cycling of the electrode. Such responses are unlike those seen within the literature by Dossi et al., 17, 18 which highlights the variation between different batches of pencils used to fabricated PDEs. It is important to note, that within prelimi-nary experiments the electrochemical oxidation of many electroactive species are successful if an electrochemical reduction step occurs first, (unless the probe is sensitive to surface groups upon the electrodewhich is not the case here) severely limiting the overall application of these electrodes. In an attempt to gain a further understanding of the surface characteristics of the PDEs, the redox probe, Fe 2+/3+ was considered. This is an inner-sphere probe that is known to be very sensitive to the electrode's surface and its functional groups, especially carbonyl groups. ESI Fig. 3 † presents a typical cyclic voltammetric profile of this probe where this PDE platform exhibits a large peak-topeak separation, ΔE p , of ∼1.0 V. It is postulated that such a large ΔE p , indicates a low percentage of carbonyl groups upon the electrode surface. 30, 31 This is confirmed with XPS analysis of the PDE (ESI Table 1 †) where carbonyl groups correspond to ∼4 atomic%. Thus in summary, the PDEs provide useful electrochemical signatures when outer-sphere probes are utilised (which are sensitive only to the electronic structure of the electrode surface) but are limited in the case of inner-sphere probes (which are sensitive predominately to surface composition, surface groups/ surface oxides) due to the composition/surface of the PDEs as evidenced/demonstrated above.
Last, the standard heterogeneous rate constant, k 0 , was estimated using the PDE established above (6B, ten draws) and was found to correspond to 7.51 × 10 −4 cm s −1 and 4.00 × 10 −7 cm s −1 for hexaammineruthenium(III) chloride and potassium ferricyanide respectively. Such values are extraordinarily slow for potassium ferricyanide, which is likely due to the lack of surface groups available upon this electrode and additionally, the contamination seen in the cyclic voltammograms is likely a contributing factor to the extremely slow electrochemical properties of this PDE.
Physicochemical characterisation: bulk pencil "lead" and pencil drawn electrode (PDE)
First, characterisation of the bulk 6B pencil "lead" (later used for the fabrication of the PDEs) utilising TEM imaging is shown in Fig. 4 . It is clear that the sheets of graphite within the pencil are folded and contain many defects, which could potentially provide useful electrochemical properties. Fig. 4B also shows some areas of potential contamination from the clay utilised within the manufacture process of these pencils. Additionally, indicated within Fig. 4D are areas of few-layer graphene, which may indicate that multi-layer graphene could be potentially fabricated upon the drawing of these electrode systems. Depicted within Fig. 5 are typical SEM images of the hand drawn graphitic surfaces of 6B PDEs, drawn once and ten times, where it is clear that upon the ten layers of pencil the amount of graphite transferred is increased, and upon further magnification the flakes of graphite are visible.
Raman analysis was next performed and depicted within ESI Fig. 4 † where comparative Raman spectra for the bulk 6B pencil "lead" (used to fabricated the PDEs but analysed "as is") and PDEs drawn once and ten times are presented. Clearly, the transfer of graphite from the pencil to the substrate successfully occurs as electrodes are pencilled in/drawn, which is indicated by the Raman spectra showing high quality graphite, with characteristic D, G and 2D peaks at 1340, 1580 and 2700 cm −1 respectively. In the case of the bulk 6B pencil "lead", there is a shift of the 2D peak within the Raman spectra to 2980 cm −1 , which could be associated with compounds present within the clay/binder support within the pencil. To understand further the transfer of graphite onto the supporting substrate, Raman maps were obtained over a large area of two different 6B PDEs. Fig. 6A and D represent variations within the intensity of the 2D peak at 2750 cm −1 over the area of interest, where it is clear that upon the 6B PDE being drawn ten times the amount of 'black spots' are reduced, as the increase of clay/binder from the pencil lead is deposited upon the substrate surface. This is also evident within Fig. 6B and E, where the response from the intensity of the Raman peak has created a three dimensional reconstruction of the 6B PDE surface, representing a relatively smoother surface when the 6B PDE has been drawn ten times, likely from an increase of the binder/clay which is also transferred. XPS was performed on the bulk 6B pencil lead that is used to fabricate the PDEs, the analysis is reported in ESI Table 1 . † Deconvolution of the XPS reveals 91.92% carbon and 7.90% oxygen. Analysis of the spectra (as presented in ESI Table 1 †) reveals that the PDEs are dominated by the presence of C-O/C-OH and, to a lesser extent, carboxylic groups. Such analyses agree with the aforementioned electrochemical characterisation. As a benchmark, we consider the XPS analysis of graphitic screen-printed electrodes, as reported by Gomis-Berenguer et al. 32 who examined the surface of an edge-plane 'like' graphitic screen-printed electrode and revealed the presence of graphitic, C-O and carbonyl functional groups at 284.5 (65.3%), 285.7 (10.5%) and 286.6 (10.1%) eV. 32 In comparison to our PDEs there is a clear difference in the composition and the atom percentages. We also note that there are other elements present on the PDEs that possibly originate from within the clay (not identified by XPS). These factors are likely to be the underlying reason that these PDEs can only be explored towards electrochemically reducing probes (see above) and additionally these observations agree with the voltammetric profiles presented in ESI Fig. 1B . †
Electroanalytical capabilities of the 6B PDE towards p-benzoquinone
Attention was next turned towards utilising the electroactive analyte p-benzoquinone, which is a toxic metabolite of benzene. 33, 34 It is also important to note that due to its role within biological redox processes, it is a common redox mediator within electrochemistry. 35 Fig. 7A exhibits a typical cyclic voltammogram utilising the 6B PDE drawn 10 times, where it is apparent that there are oxidation and reduction peaks present at +0.40 V and −0.30 V respectively, that are characteristic of the electrochemical redox process of p-benzoquinone to hydroquinone. 35 A plot of peak height vs. the con-centration of p-benzoquinone is depicted in Fig. 5B , where the response is found to be linear over the range of 100 to 1000 µM (I p /µA = 1.50 × 10 −2 µA µM −1 + 1.13 µA; R 2 = 0.99; N = 10). The limit of detection (3σ) is found to correspond to 0.31 µM, which is extremely low for this type of electrode system. To our knowledge this is the first study utilising PDEs for the analytical detection of p-benzoquinone.
3.4 Application of 6B PDE towards the simultaneous sensing of Pb(II) and Cd(II)
The 6B PDE systems are next considered towards the simultaneous sensing of lead(II) and cadmium(II). The reproducibility of the 6B PDEs (drawn 10 ten times) are first explored towards the simultaneous detection of lead(II) and cadmium(II) at concentrations of 150 µg L −1 and 250 µg L −1 respectively, within a model 0.1 M HCl solution. It is clear from ESI Table 2 , † that the 6B PDE drawn ten times offers a larger peak current for the electrochemical detection of both analytes when contrasted to the lesser-drawn 6B PDEs. It is also apparent, that such electrodes are extremely reproducible, offering values as low as 4.8% deviation within the peak current.
To improve the electrochemical performance of these sensors, inspiration from a recent publication, where the utilisation of a back-to-back design (within model 0.1 M HCl solutions) was undertaken, thus increasing the effective electrode area available for the electrodeposition of lead(II). 36 Fig. 8 depicts the utilisation of a back-to-back 6B PDE (drawn ten times) towards the simultaneous detection of lead(II) and cadmium(II) over the linear ranges of 10-150 µg L −1 and 98-375 µg L −1 respectively. Calibration plots are linear for both of the chosen analytes: (Pb(II): I p /µA = 0.042 µA/µg L −1 − 0.275 µA; R 2 = 0.99; N = 11; Cd(II) I p /µA = 0.006 µA/µg L −1 − 0.694 µA; R 2 = 0.90; N = 6). Interpretation of these plots indicate that the detection of cadmium(II) is not as sensitive as in the case of the lead(II), however, an improvement within the sensing capabilities is offered, as a response is found at a concentration of 98 µg L −1 . This proof-of-concept also shows an improvement within the detection of lead(II), allowing for a detection limit within the range set by the world health organisation 37 (10 µg L −1 in model aqueous samples), expressing that this PDE setup has merit for further examination as an electrochemical sensing platform in the future.
Conclusions
In this paper, the fabrication, characterisation and implementation of hand-drawn PDE sensors have been considered. This proof-of-concept paper shows that the bulk pencil 'lead' can be utilised to create an electrochemical surface, which adheres to a flexible polyester substrate. For the first time, characterisation of the number of drawn pencil layers and the grade of pencil are examined; this is something that is not routinely explored within the literature. Beneficial electroanalytical capabilities were demonstrated towards p-benzoquinone and the simultaneous detection of heavy metals, namely, lead(II) and cadmium(II). Inspired by a recent publication, which utilised a novel back-to-back screen-printed sensor for the enhanced electroanalytical detection of heavy metals (within a model aqueous 0.1 M HCl solution), the exploration of this electrode configuration allowed for these PDE systems to simultaneously detect lead(II) and cadmium(II), at concentrations of 10 µg L −1 and 98 µg L −1 respectively in model aqueous buffer solutions. Such proof-of-concept is promising for potential implementation within the analysis of real world samples; future work is underway. Importantly, limitations are reported herein. Upon reflection of which, these bulk pencil "leads" are not manufactured for the purpose of electrochemical studies and may contain contaminants, which can contribute/hinder the electrochemical signatures available at these PDEs. However, in this report these PDEs provide relatively good electrochemical properties, in a low cost and simplistic fashion, giving them promise as a competitor to similar electrode platforms in the future.
